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ABSTRACT: Cell responses to external radiofrequencies (RF) are a fundamental problem 'éi?lo&z:;:’i‘ E'GC‘W‘“GQ”E"C
of much scientific research, clinical applications, and even daily lives surrounded by wireless ave

communication hardware. In this work, we report an unexpected observation that the cell e 5 ’
membrane can oscillate at the nanometer scale in phase with the external RF radiation from
kHz to GHz. By analyzing the oscillation modes, we reveal the mechanism behind the
membrane oscillation resonance, membrane blebbing, the resulting cell death, and the
selectivity of plasma-based cancer treatment based on the difference in the membrane’s
natural frequencies among cell lines. Therefore, a selectivity of treatment can be achieved
by aiming at the natural frequency of the target cell line to focus the membrane damage on
the cancer cells and avoid normal tissues nearby. This gives a promising cancer therapy that is especially effective in the mixing lesion
of the cancer cells and normal cells such as glioblastoma where surgical removal is not applicable. Along with these new phenomena,
this work provides a general understanding of the cell coupling with RF radiation from the externally stimulated membrane behavior
to the cell apoptosis and necrosis.
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B INTRODUCTION nonlinear cell response, and even a modest externally applied
field could generate a very large local field within the
membrane. In contrast, the spherical symmetry relevant to
suspensions of spherical cells was considered where proteins
catalyze a reaction.'” The AC field can cause the enzyme to
pump ions or molecules through the membrane against an
electrochemical potential. The efficiency of this energy
transduction can be as high as 25%.'” In another study, it
was demonstrated that an electric field applied wirelessly can
regulate intracellular signaling and cell function in a frequency-
dependent manner."” As a result, electric field distribution in
the cell is strongly nonuniform and sensitive to the cell’s
physical properties and environment. According to the vast
literature, it is known that the permeability and uptake of cells
can be enhanced by the electric field."* Many studies focused
on EM field generation within cells and its role in regulating
biological processes. To that end, Frolich'>'® suggested that
biological cells may exhibit high-frequency electrical oscil-
lations (GHz to THz) with the source of oscillations
emanating from the cell membrane due to its high trans-
membrane potential. This is also confirmed by a recent

Radiofrequency (RF) electromagnetic (EM) waves’ interac-
tions with living cells have been considered extensively over a
few decades.'” The importance of this kind of interaction
stems from the fact that living organisms on Earth are not
adapted well to RF radiation because, under natural conditions,
some of the wavelengths are practically absent due to strong
absorption by the rotational mode of water molecules on
Earth’s atmosphere.4 To this end, several important discoveries
were reported, such as the dependence of the RF—cell
interactions on frequency when various microorganisms are
irradiated.”™® In addition, in vivo studies were performed to
evaluate the effect of RF on tumors and the growth of cells
damaged by ionizing radiation.” The power was applied via
acupuncture points. These experiments showed that RF at
nonthermal intensities normalizes the growth of cells damaged
by ionizing radiation. Moreover, their action on biologically
active zones in animals has an immunomodulation effect.
Overall, an intense program dedicated to studying RF with
biological organisms led to the conclusion that such
interactions do not depend on the intensity of EM waves
and have a resonance nature. In addition, it has been
established that biological objects “remember” the effect of Received: November 23, 2022
EM radiation for a relatively long time (slow deactivation). Revised:  January 25, 2023
This is in line with the activation effect observed during cold Published: February 20, 2023
atmospheric plasma treatment.'’ Deformation and electro-

poration of the cell membrane were associated with the action

of an external electric field."" An AC electric field can lead to a
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Figure 1. Example of spatially and temporally resolved real-time observation of cell membrane oscillation. (A) Ions surrounding a cell oscillate due
to coupling with the external electromagnetic field. Some ions can pass through the cell membrane while others collide on the membrane leading to
membrane oscillation. (B) Discharge tube containing He-air cold atmospheric plasma is used as a multiple-frequency radiation source to oscillate
the cell membrane. The power spectrum includes the following: (C) discharge frequency with a small bandwidth; (D) plasma frequency at GHz,
reproduced with permission ; and (E) UV—VIS optical emissions, reproduced with permissions . (F) 3D cell image of an AS49 cell line. (G) Height
increments along with the discharge voltage over time. (H) Temporally resolved and spatially averaged cell height versus the external electric field
waveform as the discharge voltage of the discharge tube. (I) Another example of AS49 cell line height versus the external electric field waveform of

the plate electrodes. from ref 27, copyright 2019, AIP Publishing

numerical simulation work reflecting the membrane oscillation
under microwave exposure.'” When an electromagnetic wave is
an incident on a cell, sound waves across and along the
interface (membrane) are produced.'®'? The viscoelastic
properties of the membrane control such waves, and under
some relevant conditions, resonance behavior might be
expected. As reported by multiple researchers, the cell
membrane’s electric potential is built due to the membrane
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surface charges and an ion cloud surrounding the cell?>*" The
external AC EM field thus oscillates the ions bound to the
membrane and should lead to membrane oscillations and cell
deformations. Therefore, the cell membrane oscillation could
be observed in phase with the external excitation, and the
membrane should be able to respond to lower frequencies,
such as the kHz, which are not yet studied.

https://doi.org/10.1021/acs.langmuir.2c03181
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On the other hand, a newly developed research field, plasma-
based cancer therapy, is becoming a promising and attractive
treatment for solid and diffuse tumors, particularly brain
tumors.”> Cold atmospheric plasmas (CAPs) are usually used
in plasma therapy. The most significant advantage of such an
approach is the selectivity, which can kill more cancerous cells
causing limited damage to normal cells.**** In the last decade,
many papers have reported that plasma therapy relies on
plasma chemistry, such as the reactive oxygen and nitrogen
species (RONS). These species are generated in the streamer
discharge in the open air, triggering oxidative stress, cell cycle
arrest, and DNA damage and finally leading to apoptosis.”**
However, according to recent reports, the RF emissions from
cold plasma can also lead to a combination of apoptosis and
necrosis.”” Therefore, investigating the cell responses to
external RF radiation, especially the VLF waves and micro-
waves, becomes urgent.

This paper reports RF electromagnetic field coupling with
the cellular membrane and cell membrane oscillation under
external electromagnetic field excitation. The nm-scale
oscillations are observed in real time using a laser Michelson
interferometer with mode analysis. We also observed that the
oscillations at kHz can lead to cavitations and finally kill the
cells. We also found the natural frequencies of multiple cell
lines and explained the selectivity of RF treatment on cells
based on resonance. A physical mechanism behind the plasma
treatment is thus proposed. When a strong cell membrane
oscillation is raised due to the resonance and thus membrane
damage, cavitations may also occur in the vicinity of the cell

and lead to bubbling.

B RESULTS AND DISCUSSION

As mentioned in the introduction, cell membrane oscillation
could occur as a result of ion oscillations that can affect the
membrane. However, there are pores and ion channels on the
membrane through which charges can move freely when these
gates open. The number of ion channels and pores on the cell
membrane also varies among cell types. Application of an
electric field can lead to the electroporation opening and
stimulating voltage-gated Na, Ca, and K channels. Also, an
oscillation component at a certain location on the cell
membrane can propagate as a transverse wave along the
membrane. This means that an external electric field can also
open mechanosensitive channels. Considering the mechanism
of the cell membrane oscillations and their transverse waves,
one should consider that the interior structures such as
proteins and DNA are negatively charged. On the other hand,
the cytoplasm is K*-rich, and the extracellular vicinity usually
includes more Ca,*, Na*, and CI~.° As the interior K* attaches
to the negatively charged inner phospholipid heads,”® an
external EM wave can “shake” these ions and oscillate the
membrane (Figure 1A). The positive ions surrounding the cell
can cause oscillation of the membrane as well. However, the
extracellular medium (several Debye lengths away from the
membrane) is quasi-neutral and gives no significant response
to the external EM wave. This implies that an open ion channel
or pore should be immune to the ion impacts because it lets
the ions go through. Therefore, the charges that pass through
the membrane apply no force to the membrane.

We employed a laser Michelson interferometer coupled with
a high-speed camera for 3D single-cell imaging to observe the
oscillation. The camera is synchronized with the external RF
radiation source. Details of the setup are introduced in the
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Materials and Methods section at the end of this article. This
work uses two external RF sources: a pair of electrodes
powered by a single 6000 V AC at 12.5 kHz VLF and a
discharge tube containing a helium-air CAP (Figure 1B) as a
multiple-frequency source.”””” The CAP emission includes
three major wavelength groups (Figure 1A). First, the
discharge tube generator exhibits a radial streamer propaga-
tion.”® This means that the streamer discharge repeats at the
power supply frequency of 12.5 kHz with a small bandwidth,
which will be discussed later (Figure 1C). Second, the electron
oscillations in a CAP provide multiple microwave emissions at
GHz, which has been reported in previous works (Figure
1D).**? Third, there are photon emissions from the excited
species, mainly in the UV—VIS range (Figure 1E).”

The resulting cell oscillation data can be analyzed as a square
matrix: the spatial distribution of heights. Cell oscillation over
time is thus a movie containing a series of these images over
time. The 3D height data z is a function of both 2D space and
time. In this work, such a set of data is considered as a matrix
z(x, y, t). Obviously, z(x, y, t) is a movie of cell oscillation, and
a gif example can be found at https://mpnl.seas.gwu.edu/
open-codes/. A snapshot of an AS549 line cell under the
discharge tube radiation is shown where the cell is a 300 nm
object higher than the Petri dish bottom located at the center
of the round observation window (Figure 1F). A pseudopod as
an extended structure with about 150 nm height can be found
on the left of the cell. The thickest part of the cell with the
largest volume is easier to oscillate and has the largest
amplitude, while the thinner part at the edge suffers more
constraint from the dish bottom. Figure 1G shows two side-
view examples of it and several height reference planes to
demonstrate the cell height oscillations under the external EM
field. At about 712 ps, the discharge voltage is about —2000 V.
The pseudopod is lower than the 160 nm reference plane, and
the cell center has only one peak higher than the 260 nm
reference plane. When the time is 742 us, the discharge voltage
is at 3000 V; one can observe the highest positions of the
membrane of both the pseudopod and the cell center.
Numerically integrating the height data of the pixels around
the cell center yields the spatially averaged height as a function
of time only where (z(t)) = [7/7yz(x, y, t)dxdy. The
temporally resolved height is thus shown in Figure 1H along
with the external EF waveform. The waveforms are in-phase,
indicating the causality between them. The waveforms shown
in Figure 1I are another AS549 cell exposure in the EF of the
pair of plate electrodes.

Due to the complex structure of a cell, including the
organelles, cytosol, cytoskeleton, etc., cell oscillation is a
superposition of multiple oscillation modes. These modes are
acquired by applying proper orthogonal decomposition (POD)
on the cell oscillation movie z(x, y, t). As a variation of singular
value decomposition (SVD), POD makes®”*!

ZXYXT(x’ Vs t) = UXYxM(x) Vs m)SMxM(m)VrTxM(m) t)

(1)

where the subscripts X, Y, 7, and M represent the total x pixel
number, the total y pixel number, the frame number, and the
total mode number, respectively. The superscript T represents
the transpose of a matrix. In eq 1, the matrix z is in the form of
stacking all the rows of a 2D image in a single column, in other
words, making a 2D image into a 1D array, while the column
can represent the time. Therefore, the matrix z in POD is XY

https://doi.org/10.1021/acs.langmuir.2c03181
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Figure 2. Cell image, S matrix, and first 6 modes of the U87MG example after using the proper orthogonal decomposition on the cell oscillation
movie. (A) Cell image of this example where a U87MG cell is dividing into two daughter cells is marked as A and B. (B) S matrix is a diagonal
matrix where the diagonal contains the energy of each mode. Only the first couple of modes have the most energy: the contribution to the
oscillation. (C) U matrix contains the modes of oscillation, and the first 6 of them are plotted.

rows by 7 columns, but it is still a height function of space and
time. The matrix U shows the appearance of each mode with m
as the index of the mode number. The diagonal matrix S is M
by M, and its diagonal is a list of energy of each mode. The
energy values are the singular values, in other words, the
contributions of oscillation amplitudes of modes. It is also
common to consider that the energy values are the eigenvalues
of an oscillation while the modes are eigenvectors. The matrix
V is 7 by M, representing the oscillation of each mode over
time.

An example of a U87MG cell line is shown in Figures 2 and
3. Figure 2A is the cell image, and, interestingly, the cell is
dividing. Therefore, to help us study the modes later, we can
define the main axis through the two daughter cells
(perpendicular to the equatorial plane) and a cross-axis along
the equatorial plane. Figure 2B is the list of singular values. The
descending sorting is contained in the POD and SVD, defining
the mode with the highest contribution to the oscillation as the
first mode. A list of the first 6 modes is shown in Figure 2C.
Mode 1 shows a negative height change for daughter cell A on
the left and a positive one for daughter cell B on the right. This
is thus an eigenvector, or in other words, an oscillation
component along the main axis. Modes 2, 3, and 4 are the
oscillation components along the cross-axis but with different
meanings. Mode 4 allows the two daughter cells to oscillate in
phase, but their left and right parts are negative and positive,
respectively. Mode 2 allows daughter cell A to have the left
part to be positive and the right part negative while daughter
cell B makes them negative entirely. Mode 3 allows the
daughter cell B to have left positive and right negative while
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leavening the daughter cell A positive. Mode 6 shows stripes
over the entire observation region. These are transverse waves
of the liquid medium due to the cell membrane oscillations,
while Mode S shows their coupling. The wavelength in the
liquid is about 2.5 ym. Because no two cells look the same, the
mode images of the experimental repeats, even for the same
cell line under the same experimental condition, look different.
Therefore, Figure 2 is merely an example to show the concept
of mode analysis using POD. The comparison among cell lines
with statistical studies will be discussed in the next section,
where different features of different cells can be found.

The oscillation modes are used to analyze the resonance
between the cell membrane and the external EM waves. In this
section, we will consider such a resonance condition. The wave
equation of an arbitrary 2D viscoelastic membrane that has
been derived in previous works can be used*>**

2

4 z _
DV z+ pm? =0 (Za)
_ (N
12(1 — v?) (2b)

where p,, is the mass density of the membrane, which is about
1.02 g/m? Q,, is the frequency-dependent viscoelastic modulus
of the membrane in the Fourier domain, d,;, is the thickness of
the cell membrane assumed at 10 nm, and v is the Poisson
ratio of the cell at around 0.49 in average.34_36 The viscoelastic
modulus®”*® of each cell line is obtained directly through
spectral inversion of AFM FD curves and is shown in Figure
3A. These values are all at around several kPa, which agrees
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Figure 3. Mechanical properties of cell membranes are measured using atomic force microscopy. (A) Absolute modulus of the cell lines: A549,
BEAS-2B, U87MG, and hTERT/E6/E7. The cell responses approach their equilibrium moduli of around 10 kPa when the frequency passes 6 kHz.
(B) Simulated strain response of each cell line oscillating at their primary natural frequency under equal harmonic stresses, demonstrating that
hTERT/E6/E7 oscillates with the largest magnitude and AS549, the least. (C) Real and (D) imaginary parts of the experimentally obtained
relaxance. The real part of the relaxance is attributed to the elastic behavior of the materials while the imaginary part is attributed to dissipative

behavior.

well with other prior publications.””~** Considering z(r, t) =
zo(r) exp (i2zft) as the spatially and temporally resolved
oscillation amplitude, the wave equation can be reduced to’>

Mode 1 Mode 2

25
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€20
10000 5

V2z0 + Azzo =0 (3) 10 15[ 2(}) 25 10 15[ 2(; 25
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Thus, the resonant frequencies of modes are
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4000

2000

_A D
TN A (s)

The parameters A,” can be calculated using the POD results.
Taking the modes of the U87MG example into eq S, natural
frequency distributions for each mode can be found as shown
in Figure 4. As the most significant mode, Mode 1 shows a
clear ring of high natural frequencies distributed at the cell
boundary of the daughter cell A with values around 10 kHz.
On a ring-like distribution, some regions have a frequency up
to 15 kHz, while most of the ring has a frequency much lower.
The periphery of the membrane always has a higher natural
frequency than other regions in the images. This can also be
found in Modes 2 and 3 in Figure 4, but with a lower value.
Figure 4 also shows that the cell’s main body has a natural
frequency of around 3 kHz. However, considering that the
most contribution to the oscillation is from Mode 1, one can
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Figure 4. Spatial distribution of the natural frequency values (shown
by colors in Hz) of the first 6 modes of the US7MG example.

consider that the cell membrane with a natural frequency of 10
to 15 kHz plays the most important role.

In Figure S, the average membrane natural frequencies of the
6 cell lines and their first 9 modes are compared. The cell lines
contain 3 normal-cancer pairs: hTERT/E6/E7 (normal
astrocyte) versus U87MG (malignant gliomas), L929 (normal
fibroblast) versus B16F10 (melanoma), and BEAS-2B (normal
lung tissue cell) versus AS49 (lung carcinoma epithelial cell).
For all cell lines, Mode 1 always has the highest natural
frequency. The expected strain response of each cell at their
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atural Frequency

zZ =

Figure S. Natural frequencies are spatially averaged at the membrane
area and compared among cell lines.

primary natural frequency can then be calculated using a
standard linear solid (SLS) model fit to the viscoelastic
modulus obtained from the AFM, as seen in eq 6. The values
of these

1 z sin(27rf}7 At)

Qz)| 2* - chos(ZﬂfﬂAt) +1

e(z) =
(6)

strain responses are shown in Figure 3B, demonstrating that
hTERT/E6/E7 oscillates the most while A549 oscillates the
least. The frequency of U87MG is higher than the value of
hTERT/E6/E7, which means that Mode 1 (the most
contribution mode) of U87MG has a closer frequency to the
plasma treatment discharge frequency at 12.5 kHz. This may
explain the selectivity where more U87MG cells can be killed
than the hTERT/E6/E7 by the electromagnetic emissions
from the plasma where the discharge frequency has a
bandwidth due to the particle thermal velocities.” In another
previous work, one can find a higher sensitivity of hATERT/E6/
E7 to chemical treatment, causing more apoptosis of it
compared with U78MG. At the same time, the fact that only
the physical emissions from the plasma can kill more hTERT/
E6/E7 is confirmed.”* Similarly, we can also explain the
selectivity for the pair of A549 and BEAS-2B.*” Interestingly,
the Mode 1 natural frequency of B16F10 is lower than 1929.
This suggests that BI6F10 should be harder to kill through the
treatment than 1929 as it exhibits a reversed selectivity. Figure
S implies that BI6F10 is harder to be killed than the other two
cancer cell lines. This agrees with a previous observation.*’
Please note that the term “kill” above contains both apoptosis
and necrosis, which will be discussed in the next paragraph.
Overall, we can conclude that the natural frequency
comparison among these cell lines at the current stage agrees
with the selectivity relations of plasma treatment results
reported previously. However, one can pose a question: why
do large resonant oscillations on the membrane kill cells? As
shown in Figure 3B, the expected strain under resonance
oscillation can be amplified more than 100 times. This will be
answered in the following discussions. The relaxance shown in
Figure 3C,D will be discussed in the Materials and Methods
section.

When the modulus is sub-MPa, as some other publications
introduced,®*’ the resulting resonant frequencies are usually
at several kHz. Note that the modulus of a cell as a whole
varies from kPa to MPa depending on the cell status: attached
to a wall or floating, living or dead, etc.*® The resonance thus
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makes extreme cell membrane oscillations at kHz and can thus
lead to two probable phenomena. The first one is the cell
membrane blebbing that localized decoupling of the
cytoskeleton, causing the membrane bulge. These bulges can
have a bubble-like appearance as shown in Figure 6. Figure

Figure 6. Confocal images of physically triggered damage on the
U87MG cells membrane. (A) Control group before the plasma
treatment. (B) Image of 10 min after a 60 s exposure to plasma
radiation. (C) Zoomed-in image of the subplot (A). (D) Zoomed-in
image of the subplot (B). Cell membrane, microtubules, and DNA
(nucleus) were shown in red, green, and blue, respectively. Yellow
arrows marked some obvious bubbles on the cell membranes. The
images were taken using a Carl Zeiss 710 spectral confocal
microscope. Scale bars were S0 ym (white) and 10 um (yellow).
The detailed protocols are listed in the Materials and Methods
section.

6A,C shows the control group where the U87MG cells are
cultured in the media without plasma treatment. Figure 6B,D
shows the image taken 10 min after the U87MG cells were
exposed to the discharge tube CAP for 30 s. As marked by
yellow arrows, the fluorescence imaging revealed the formation
of bubbles on the cell membrane, which might be due to the
physical damage to the cell membrane and the following
leakage of cellular solutions because the red staining of the
microbubbles’ membrane suggests that these membranes
originated from cell membranes. The second probable result
of the membrane oscillation is the cavitations next to the cell
membranes. This phenomenon might be less probable
compared with membrane blebbing. However, one should
not exclude it when the membrane has a strong oscillation due
to the resonance. Cavitation microbubbles may have the same
appearance as shown in Figure 6. Considering that 10—15 kHz
is in the range of ultrasound, the resonance thus leads to an
interesting concept that an external EM wave can be an
alternative source of sonodynamic therapy (SDT), and this
work thus connects two research fields: the plasma medicine
and SDT. According to the theory of SDT, ultrasound can
oscillate the membrane mechanically and leads to cavitation in
the vicinity."® The collapse of bubbles at cavitation centers
results in a microenvironment containing a pulse temperature
of 10* K with an about 80 MPa pressure variation.”” Such a
microenvironment thus becomes a chemical reactor that
generates RONS.”*" RONS leading to cell apoptosis is well-
known and has been studied extensively for over a decade in
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plasma medicine.”>**>* On the other hand, it is established

that SDT leads to necrosis mechanically.”* This explains the
special kind of cell death reported previously in the plasma
medicine community.”****> Of course, if it is true that plasma
radiation can make cavitations, such an effect should be much
more local and weaker than the one of SDT.

In Figure 7, the results of cell viability (U87MG cell line),
which has been tested under S conditions, are shown. The

2 ‘ . .
p =0.0006
p <0.0001
b =0.044
15Ff p < 0.0001
p <0.0001
p =0.0004
b =0.9537

b < 0.0001

Relative Cell Viability

o
3

Control

T™Z

DT

DT+TMZ
E+TMZ

MW
MW+TMZ
E+MW
E+MW+TMZ

Figure 7. U87MG sensitization test. Control: the cells with no
treatment. TMZ: the cells were treated with temozolomide. DT: the
cells were treated with the discharge tube, which contains three main
power spectrum bands. E: the cells were treated with a pair of plate
electrodes, which are kept at 12.5 kHz. MW: the cells were treated
with a microwave horn antenna, which has a frequency sweep from 8
to 18 GHz. The p values shown in the figure represent the statistical
significance computed using Student’s ¢ test. For the detailed
protocol, see the Materials and Methods section.

strongest response is achieved by using a 7 min treatment of a
discharge tube. Combining with a brain cancer drug
temozolomide (TMZ), one can reach more than 60% cell
death. However, there is no such significant cell death under
the treatment of the plate electrodes, although TMZ still works
well. There is also statistically significant cell death when a
sweep-frequency (8—18 GHz) microwave treatment is applied
with and without TMZ and electrodes. However, these effects
are weaker than those with the discharge tube, implying that
the kHz VLF emissions (Figure 1C) from the discharge tube
and the plate electrodes should be about to resonate with the
cell membranes. In contrast, the GHz plasma oscillation
frequencies can resonate with certain substructures of cells. For
example, smaller nanovesicles can have membrane modulus
values close to GPa, resulting in resonant frequencies over
MHz and even close to GHz>>°® Microfilaments, micro-
tubules, and DNA structures can have modulus over GPa*
and thus have a natural frequency over GHz. Therefore, the
external GHz frequency can also lead to cell death.
Interestingly, the plate electrode treatment with the same
12.5 kHz as the discharge tube has very limited treatment
effects. We excluded the reason for field amplitude. The
amplitude of the electrode’s EF is about 2 X 10* V/m, and the
resulting amplitude in the dish is about 9 X 10* V/m, which is
stronger than the plasma at around 1000 V/m (see Materials
and Methods). Nevertheless, the electrodes have a much lower
effect compared with the discharge tube. Therefore, it shows
the superiority of plasma that the 12.5 kHz repetition rate has a
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bandwidth as mentioned due to the randomness and
uncertainty of particle motion during the streamer discharge.
Such bandwidth can thus cover the natural frequencies of
many cells while the electrodes can only aim at 12.5 kHz
exactly.

B CONCLUSIONS

In this work, we observed previously unknown nanometer-
scale cell membrane oscillation at kHz in-phase with the
external electric field. The oscillations, considering the spatially
and temporally resolved cell geometry, were analyzed using
POD. The mode matrices show the oscillations of cells and the
resulting liquid media waves with wavelengths visualized. The
cell membrane oscillation under the external electric field
results from strong charge oscillations near the membrane. The
natural frequencies of the cell membranes were calculated
using the POD mode analysis of the 2D viscoelastic membrane
equation and the data acquired from the AFM. Due to the
resonance of the cell membrane, these oscillations are
enhanced and result in membrane damage and probably
cavitation near the membrane. The former leads to cell
necrosis and also blebbing while the latter leads to micro-
bubbles in the media. The collapsing of microbubbles produces
ROS to make cell apoptosis. Therefore, it can be concluded
that cell lines with natural frequencies closer to the external RF
should have lower viability under RF exposure. This agrees
with many other publications. Taking these discoveries into
account, the mechanism of the selectivity of physical cancer
treatment can be explained by the resonant behavior of cells
under RF exposure. However, the detailed progress of
oscillation damaging the membrane and the medium cavitation
need be investigated in the future.

Several future improvements and advantages can be
expected from plasma-based cancer therapy. First, in CAP,
one can control the plasma chemistry, such as specific ion
concentrations, to manipulate the frequency resonance to
enhance the treatment. So far, many papers have been
published to introduce the accurate and automatic control of
CAP using machine lea1‘ning.29’57’58 Second, CAP devices such
as plasma jet and dielectric barrier discharge directly have
plasma chemistry applied on target to provide RONS.” Future
works can focus on the resonance coupling and the additional
RONS input. Finally, considering the modern RF treatment
and plasma therapy, using resonance means optimizing the
selectivity that can decrease the total body irradiation, reducing
the toxicity.

B MATERIALS AND METHODS

Glioblastoma cell line U87MG and astrocyte cell line hTERT/E6/E7
were cultured in DMEM (Life Technologies, 11965-118). Melanoma
cell line B16F10 was cultured in RPMI-1640 (ATCC 30-2001). All
these media were supplemented with 10% (v/v) FBS (GE Healthcare,
SH30396) and 1% (v/v) penicillin/streptomycin solution (Life
Technologies, 15140122). Cells (2.5 X 10* cells/mL) were seeded
(3 mL/dish) in a 35 mm cell culture dish (NEST, 706011) and
cultured for 24 h under the standard culture condition (a humidified,
37 °C, 5% CO, environment).

Two types of RF sources are used to apply an electric field to the
cells. The first one is a pair of 6 cm X 6 cm aluminum boards as
electrodes set 6 cm away with the Petri dish of cells in the middle.
The electric potential applied on the electrodes is sinusoidal 6000 V at
12.5 kHz. This is a single-antenna source, and the cell Petri dish is
placed between the electrodes. The dish contains a 100 uL cell-
culture medium to provide an extracellular environment with a charge
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Figure 8. FEMM simulation of the electric field of the plate electrodes. (A) Mesh of such a finite element simulation. (B) Spatially resolved
amplitude of the electric field. (C) Lower color scale to show the electric field in media.

density of 10° C/m> as an average of Na*, K*, Ca,’, CI’, etc.”?
Therefore, one should expect a sudden change in the refraction index
of the electric field at the interface between the media and the air. The
electric field cannot be simply estimated by dividing the voltage by the
distance between electrodes. To find the amplitude of the electric
field, we use FEMM (a finite element electromagnetic simulation
software) to compute (Figure 8A). The resulting field amplitude near
the Petri dish is found at about 1.5 X 107 V/m (Figure 8B). Due to
the refraction of the electric field in the cell culture medium
(assuming that the electric property is the same as a medical saline
solution), the amplitude of the field in the Petri dish is between 1.95
X 10* and 1.6 X 10° V/m with an average of around 9 X 10* V/m
(Figure 8C). The second RF source is a plasma generator to provide a
multiantenna source as shown in Figure 9. A high-voltage radio-
frequency (HVRF) supplies the same 6000 V and 12.5 kHz sinusoidal
wave to a pair of electrodes: one is in the center of a helium-filled
tube, and the other one is a ring wrapped around the tube (Figure
9A). Radial streamer discharges can thus create cold atmospheric
plasma in the tube (Figure 9C), which is commonly used in the field
of plasma medicine.’>®" Note that the center electrode is a hexagonal

B

Radial
Electric Field

Ring Electrode

Center
Electrode

Radial Electric Field

\_'_) \ Y )\ . )

Plasma Avalanche lonizations Pre-lonized Gas
with Seed Electrons
Space Charge
. ™ Electric Field .
Quasi- Positively ectric rie Negatively
Neutral Charged Charged

Figure 9. Radial discharge tube as a cold atmospheric plasma
generator. (A) Schematic of the hardware. (B) Front view of the
discharge tube, where radial propagations of the streamer can be
observed. (C) Physical mechanism of a streamer discharge.
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prism that six streamers propagate from the six corners to the outer
ring electrode (once per discharge period) as shown in Figure 9B.
Therefore, the temporally resolved space charge moves from the
center to the circumference. The spatial evolution of the space charge
provides an infinity number of 12.5 kHz emission sources. The
amplitude of the streamer head potential in the plasma and the
potential near the target had been discussed in many previous
works.®” The dish holder is grounded in this work; thus, there is a
ground at 5 mm behind the cell, which implies that the electric field is
at around 1000 V/m. This is much weaker than the one of the plate
electrodes, so we can conclude that the strong effect of the discharge
tube is not because of the amplitude but due to the frequency (see the
Results and Discussion Section).

To acquire the 3D cell geometry at a microsecond sampling rate
synchronized with the external electric field, a Michelson laser
interferometer system with a high-speed intensified charge-coupled
device (ICCD) camera is used, as shown in Figure 10. The sample
(Petri dish with cells in the medium) is placed on the mirror holder,
which is a fixed, regular mirror. Before the imaging, the cell media
were removed from the Petri dishes, and 30 yL of DMEM was added.
This can ensure that the effects of cell thickness were significant and
exclude the effects of using different media. Next, the laser beam can
pass through the cell medium and the transparent Petri dish vertically
with no refraction before and after its reflection on the mirror holder
(Figure 10A). The fringe image thus shows the disturbance of cells in
the area that the 635 nm and S mW laser beam can cover. To enlarge
the image, the laser passes through a convex lens before the beam
splitter, and the mirror sets 1 and 2 reflect the output beam to
increase the distance between the ICCD camera and the laser source.
The focal length of the convex lens is 6 mm, and the distance is 4.7 m.
This gives a zoom-in about 786 times, and a cell with a 10 pm
diameter can be enlarged to 7.9 mm on a screen at the location of the
ICCD camera.

Based on the natural frequency of the cell model, " which will also
be derived in the next chapter, we expect the cells to be able to react
to the external electric field at radiofrequencies. Therefore, assuming
the cell deformation is repeated identically in each period (in this
experiment, the value is 80 ys for the 12.5 kHz), the exposure window
width of the ICCD camera is 2 ys where each window in each period
is triggered after a unique delay time. The delay time is linearly
increased from 0 us with a step of 2 ys to the final 800 us after a 400-
image recording. Therefore, multiple-period observation can be used
to confirm a repeating cell behavior at the same frequency as the
external electric field.

AFM measurements were done at an ambient temperature in the
fluidic cell culture media with an MFP-3D (Asylum Research)
microscope using a CP-CONT-BSG-C 20 pm colloidal probe. The
cantilever spring constant was found to be 0.291 N/m by thermal
calibration using Sader’s method provided by the Asylum Research
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Figure 10. Experimental setups of the laser Michelson interferometer. (A) Side view of the hardware setup showing the Michelson laser
interferometer with optical components and the high-speed ICCD camera. (B) Top view. (C) Temporal setup of the ICCD camera is synchronized
with the external electric field, and each window is triggered after a linearly increasing delay to capture the periodic cell geometry.

software.”” Six cell lines of force spectroscopy experiments were
performed in which the central regions of S different cells were
probed 10 times. Each set of experiments took no more than 10 min
to minimize any environmental effects that may occur within the cells.
In total, 100 quasistatic force curves were collected for each cell type.
Each force curve was specified for a 500 nm/s approach velocity, 50
kHz sampling frequency, and 3.7 nN maximum set force to avoid
violating the small deformation criteria of the contact mechanics
formulation.**

The relaxance spectra for each cell type were calculated per the Lee
and Radok contact mechanics formulation.””*** As seen in eq 7,
after transforming each set of force curves into the Z-domain, they are
averaged among themselves, and the relaxance spectra can be
calculated. Then, an SLS model (given as eq 8) is fit to the relaxance
spectra for each cell line to obtain the glassy modulus, equilibrium
modulus, and viscosity of the cells.

o) = o@D _ 3 TLAO)
e(Z) 16\/E Zf\io Z[hi(t)s/z] (7)
P S
Q(2) = G, 1+ &(1 ) ©

The relaxance can be used to calculate the response of each cell
from either a stress or strain input. As demonstrated in the main
paper, the strain response due to a harmonic stress, like a cell’s
resonance frequency f,, can be obtained by multiplying the relaxance
(the mechanical transfer function of the cell) with the form of the
harmonic stress in the Z-domain. For example, in the calculations
from Figure 3B, the relaxance was taken as the fitted values from eq 8
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to minimize the effects of noise in the neighborhood around the
natural frequency in the stress input.

For physical factor CAP treatment before confocal imaging, media
were removed, the Petri dish was inverted with the lid on, and the
cells were treated for 60 s at a distance of 2 cm from the CAP source.
The media were then replaced, and the cells were cultured for 10 min
in the cell culture incubator (37 °C, 5% CO,). After 10 min, the
media was removed and 4% paraformaldehyde fixative was added to
halt cellular changes for more accurate timing during imaging and to
remove any phototoxic effects of laser light during imaging. The cells
were fixed for 30 min with the three dyes denoted: Hoechst 33342
(nuclear stain — blue) (Thermo Fisher, Waltham, MA), Biotracker
488 (microtubules — green) (Sigma-Aldrich, St. Louis, MO), and Cell
Mask deep red (plasma membrane — red) (Thermo Fisher, Waltham,
MA). The cells were then imaged on the Zeiss spinning disk confocal
microscope in the GW imaging and nanofabrication facility in Z
stacks. The images displayed are of a single plane of the Z stack. Laser
intensity and exposure times were maintained throughout the
experiment for comparison between samples.

The cell sensitization experiment was designed as follows: The
research strategy was based on 10 different experimental groups. The
1st experimental group is the control group. The cell culture media
were removed from the cell culture dish. After 7 min, 3 mL of fresh
cell culture media was added to the cells. The 2nd experimental group
is the TMZ-only group. The cell culture media was removed from the
cell culture dish. After a 7 min waiting, 3 mL of fresh cell culture
media with 500 uM TMZ was added to the cells. The 3rd
experimental group is the “discharge tube only” group. The cell
culture media were removed before the treatment. After that, the cells
were treated by placing the cell culture dish on the discharge tube at a
distance of 1 mm for 7 min. After the treatment, 3 mL of fresh cell
culture media was added to the cells. The 4th group is the "discharge
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tube + TMZ" group. The cells were treated with the discharge tube
for 7 min without media. After that, 3 mL of fresh cell culture media
with 500 yuM TMZ was added to the cells. The Sth group is the
"electrodes only” group. The cell culture media was removed, and
then the cell culture dish was placed between the electrodes for 7 min.
After that, 3 mL of fresh cell culture media was added to the cells after
the treatment. The 6th group is the "electrodes + TMZ" group. This
is a similar protocol to the 4th group, but the plasma treatment is
replaced with the electrodes. The 7th group is the “microwave only”
group. The cell culture media was removed, and then the cell culture
dish was placed in front of a WR7S microwave horn antenna for 7
min. The microwave horn antenna emits a S mW 8-18 GHz
frequency-sweep microwave generated from an HP 8350B sweep
oscillator with an HP 86251A RF Plug-in option. The frequency-
sweep period is 0.1 s. After that, 3 mL of fresh cell culture media was
added to the cells after the treatment. The 8th group is the
"microwave + TMZ" group. This is also a similar protocol to the 4th
group, but the plasma treatment is replaced with microwave radiation.
The 9th group is the “electrodes + microwave” group. The cell
culture media were also removed before the treatment for this group.
Then, the cells were treated with the 12.5 kHz electric field from the
electrodes and the frequency-sweep microwave together for 7 min.
The 12.5 kHz field is parallel to the H plane of the microwave horn.
After that, 3 mL of fresh cell culture media was added to the cells after
the treatment. The last group is the "electrodes + microwave + TMZ"
group. This is a similar group to the 9th one, but after the electrode
and microwave treatment, 3 mL of cell culture media with 500 yM
TMZ was added to the cells after the treatment.
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